The high catalytic activity of transition metal oxides is well known. [1] [2] [3] [4] They are oen inexpensive, versatile and stable materials traditionally used at high temperatures and nowadays also attractive for low-temperature applications. [5] [6] [7] Substantial effort has been made to rationalize the trends in their bulk and surface properties so as to pinpoint active and stable catalysts to help reduce or completely replace noble metals in applications such as fuel cells.
2,4,6-11 Although successful designs of oxide catalysts resulting from comprehensive understanding of their surface chemistry are rare, recent works have shed light on this matter aided by atomic-scale simulations.
8-19
Since the adsorption energies (DE ADS ) of reaction intermediates determine to a large extent the catalytic activity, it is important to nd the electronic-structure factors that inuence them. However, there are neither general models for the rationalization and prediction of trends in reactivity among transition metal oxides nor links between the adsorption behavior of transition metals and their oxides. The case of pure transition metals and their alloys is different, as the "d-band model" has proved useful in explaining trends in DE ADS and making successful predictions about the catalytic activity.
20-23
Within this model the reactivity of transition metals can be readily related to characteristics of the surface d-band, with the d-band center being the most used descriptor. 22, [24] [25] [26] However, it is unknown whether this framework can be extended to transition metal oxides, materials in which DE ADS results from an interplay of several factors including the number and the spatial conguration of the metal atoms and their ligands, the oxidation state of the transition metals and the interactions between the active site and the adsorbates.
A remarkable example of the rational design of oxide catalysts is the work of Suntivich et al., who correlated the experimental trends in activity for the oxygen reduction and evolution reactions (ORR and OER, respectively) on perovskite oxides (AMO 3 ) with the lling of the e g orbitals of the transition metal M at the surface. 6, 7, 27 Noting that the d orbitals of atoms in the M sites split in a low-energy triplet (t 2g ) and a high-energy doublet (e g ) due to their octahedral symmetry, they found that an occupation of $1 in e g renders maximum catalytic activity for both reactions. On the other hand, various surface parameters such as the energetics of formation of oxygen vacancies and the oxygen p-band center in the lattice have also been shown to describe the activity trends of AMO 3 for solid oxide fuel cells.
28
Moreover, several works have shown the importance of periodicity in the reactivity of transition metal compounds.
2,27,29
In an attempt to gain a comprehensive understanding of the relationship between the electronic structure and adsorption properties of pure and oxidized transition metal surfaces, herein we consider the adsorption of the ORR-OER intermediates, namely *O, *OH, and *OOH, 9, 30, 31 and describe the trends in terms of "outer" electrons, dened as the number of valence electrons remaining on the metal atom upon oxidation, e.g. 6 for pure Cr, 4 different. In that case, coordination numbers can be used to capture the trends in DE ADS . Coupling the ndings of (1) and (2), we show that DE ADS and outer electrons are linked through a well-dened grid that explains the existence of scaling relationships between the energetics of adsorbed species and can be predictive.
Methods
The crystallographic details of the oxide surfaces are provided in the ESI, † together with images of the simulated surfaces. The DFT calculations were made with the plane-wave code Dacapo, using ultraso pseudopotentials and the RPBE xc-functional,
32
with converged plane wave cutoffs of 400 eV for AMO 3 , and 450 eV for MO and M. In all cases a density cutoff of 500 eV was used. We used 4 layers of atoms for the simulations, xing the two in the bottom to the optimized bulk distances and allowing the two topmost and the adsorbates to fully relax. The binding energies were converged with respect to the number of layers in the calculations and variations of less than 0.05 eV were found between 4 layers and 6 layers for selected AMO 3 . Atomic relaxations were done with the quasi-Newton minimization scheme, until a maximum force below 0.05 eVÅ À1 was achieved on all of the relaxed atoms. The Brillouin zone of all systems was sampled with 4 Â 4 Â 1 Monkhorst-Pack grids, achieving convergence of at least 0.05 eV per adsorbate with respect to kpoints in all cases. The self-consistent RPBE density was determined by iterative diagonalization of the Kohn-Sham Hamiltonian at k B T ¼ 0.1 eV, using Pulay mixing of densities, and all total energies were extrapolated to k B T ¼ 0 eV. Spin polarized calculations were carried out for all oxides and for Cr, Mn, Fe, Co and Ni in their metallic phases.
Results and discussion 20 Considering that upon oxidation 3d transition metals rst lose their 4s electrons and thus the outer electrons are found in the d-band, we explain the trends as follows: although their oxidation states are different, MO, (La/Y)MO 3 and (Sr/Ca/Ba)MO 3 share the same coordination and spatial distribution of ligands, i.e. octahedral coordination. Thus, the splitting of their d-orbitals is identical and the ways in which those orbitals are lled are analogous (see the ESI † for further details). Since the e g and t 2g orbitals are normally nonbonding or antibonding (the 2p orbitals of oxygen are the bonding orbitals in octahedral complexes), an increase in the number of outer electrons should correspond to a weakening of the binding strength. Nevertheless, there exist clear and justiable exceptions to this statement in Fig. 1 On the other hand, Fig. 2 shows the variations of DE O , DE OH and DE OOH in Ni-based systems. As will be shown later, similar trends are observed among the other considered 3d metals. The nearly linear scaling indicates that the oxidation state (or alternatively the number of outer electrons) can be used as a descriptor to understand the differences in DE ADS on different surfaces. Note that an increase in the oxidation state of Ni atoms corresponds to a weakening of DE ADS . Since an increase in oxidation state is equivalent to a decrease in the number of outer electrons, the trends in Fig. 2 might seem counterintuitive when compared to those in Fig. 1 . The explanation for this is as Adsorbates complete the octahedron that is normally formed in the bulk by six oxygen ligands surrounding the Ni atom. Therefore, when a Ni ion at the surface is to receive a new electrophilic ligand, it must donate electrons to it in order to form the bond, and the more oxidized the metal atom is, the fewer electrons are available for bonding. This means that the strength with which highly oxidized cations create bonds that require their further oxidation is weak compared to atoms of the same species in lower oxidation states. Fig. 1 and 2 suggest that the existence of nearly linear trends between DE ADS and outer electrons make it possible to condense all the information in a single plot. This is shown in Fig. 3 for DE OH (plots for DE O and DE OOH are provided in the ESI †), where the number of outer electrons allows for the creation of an adsorption-energy grid in which the lines with positive slopes represent successive changes along the 3d series, and those with negative slopes represent changes in oxidation states of a given transition metal. One important feature of Fig. 3 is that the magnitudes of the slopes in both directions are identical. The mean absolute error between the lines and the actual DFT values is 0.20 eV, which stands as an evidence of the predictive power of the grid. Another feature worth noting in Fig. 3 is that La-and Y-perovskites with the same metal at the M site, e.g. YNiO 3 and LaNiO 3 , have similar adsorption properties, and the same can be said of (Ca/Sr/Ba)MO 3 , e.g. CaCrO 3 , SrCrO 3 , and BaCrO 3 . This suggests that the primary electronic-structure parameter affecting DE ADS is the number of outer electrons and thus strain effects due to different lattice constants and/or elements in the A position are secondary. This phenomenon has also been observed in the bulk formation energies of these oxides (see ref. 8 and references therein). Similar grids could be constructed for 4d and 5d metals and their oxides, and the inclusion of rutile oxides would provide further insight. It seems possible to do so, as the trends in some bulk and surface properties of rutiles are well described by the number of d electrons or moments of the d band.
11,12 Predictions of DE ADS of oxide mixes and doped oxides is one of the possible uses of the grid, as A-and M-site doping in AMO 3 has proved an excellent option to tune the catalytic activities, 6, 7, 16, 27 and that recent studies have shown that doping may also improve those of rutiles. 19 Note that a direct consequence of the existence of adsorption-energy grids is that two of them can be overlapped resulting in a single straight line, i.e. a scaling relation with a slope given by the ratio of the average slopes of the separate grids (see the ESI † for the grids of *O and *OOH). This is shown in Fig. 4 , where the different colors help illustrate the implicit trends among the cloud of points. It is important to say that while useful for applied studies such as Sabatier volcanoes, 9, 10, 15, 19, 23 scaling relationships hide the trends among the points. Thus, from a fundamental point of view, the grids provide more insight as the trends are evident and the variations in DE ADS are linked to the electronic structure of the active site. Note that the intercept of the line in the le panel of Fig. 4 is $3.2 eV, an important number for the ORR-OER electrocatalysis, as it implies the existence of an intrinsic overpotential due to the scalability between the binding energies of the intermediates of these reactions.
9,35,36
We remark that having common underlying electronicstructure descriptors leads to correlations in adsorption properties, 33 mostly when the symmetries of the active sites are similar, in line with the concept of congurational correlation.
37
The appearance of large surface reconstructions upon adsorption may cause severe deviations from linearity of scaling relationships. Furthermore, as a rst approximation, we have not taken into account the effect of oxygen vacancies here. Although this interesting phenomenon is outside the scope of this study, it is worth noting its natural appearance in oxides in which the components are forced into a high oxidation state, e.g. Fe in SrFeO 3 , or its occurrence with doping, when host and guest atoms have different oxidation states. For some compounds these vacancies have proved relevant for the overall catalytic performance.
17 Furthermore, we expect that the effect of oxygen vacancies can be rationally included into the model proposed here as the formation energies of these vacancies have been found to correlate well with the number of electrons of the transition metals at the M site in perovskite oxides and other electronic-structure descriptors.
16,28 Finally, we would like to remark that the inclusion of the Hubbard-U correction (DFT + U method) in these calculations could be benecial for a better estimation of the adsorption energies. Recent studies have shown that oxides with similar coordination numbers and spatial orientation exhibit comparable changes in adsorption energies between RPBE and RPBE + U, and the scaling relationships still hold, 38 suggesting that the trends presented here would remain intact, although the actual numbers may change. This is also supported by the fact that other properties of perovskite oxides exhibit roughly linear trends when calculated with the GGA + U method, 16, 28 and that the formation energies calculated with standard DFT have a constant shi with respect to the experimental values. 8 
Conclusions
In an attempt to build a unied understanding of transition metals and their oxides not yet available in the literature, we have shown here that the number of outer electrons is a remarkable descriptor of the trends in adsorption energies of a large set of compounds. The use of this descriptor allows for the construction of adsorption-energy grids and explains the existence of scaling relationships among transition metals and their oxides. The grids are not only explanatory, but also potentially predictive, i.e. they could be used to predict the catalytic activity of doped oxides and oxide mixes towards several reactions of industrial and academic interest. In a broad context, our observations suggest that the main driving force for the reactivity of transition metals and their oxides is their search for maximum stability, i.e. the fulllment of simple electron-counting rules by each and every component of the system. In view of this, golden rules in catalysis such as the Sabatier principle may start being understood in terms of the electronic structure of materials, which will ultimately lead to fully predictive models based on the simplest descriptors in chemistry: the number of electrons and the oxidation states. 
